Previous studies in Chinese-hamster fibroblasts (CCL39 line) indicate that an important signalling pathway involved in thrombin's mitogenicity is the activation of a phosphoinositide-specific phospholipase C, mediated by a pertussis-toxin-sensitive GTP-binding protein (Gp). The present studies examine the effects of thrombin on the adenylate cyclase system and the interactions between the two signal transduction pathways. We report that thrombin exerts two opposite effects on cyclic AMP accumulation stimulated by cholera toxin, forskolin or prostaglandin E1. (1) Low thrombin concentrations (below 0.1 nM) decrease cyclic AMP formation. A similar inhibition is induced by A1F4-, and both thrombin-and AlF4--induced inhibitions are abolished by pertussis toxin. (2) Increasing thrombin concentration from 0.1 to 10 nm results in a progressive suppression of adenylate cyclase inhibition and in a marked enhancement of cyclic AMP formation in pertussis-toxin-treated cells. A similar stimulation is induced by an active phorbol ester, and thrombin-induced potentiation of adenylate cyclase is suppressed by down-regulation of protein kinase C. Therefore, we conclude that (1) the inhibitory effect of thrombin on adenylate cyclase is the direct consequence of the activation of a pertussis-toxin-sensitive inhibitory GTP-binding protein (Gj), possibly identical with Gp, and (2) the potentiating effect of thrombin on cyclic AMP formation is due to stimulation of protein kinase C, as an indirect consequence of Gp activation. Our results suggest that the target of protein kinase C is an element of the adenylate cyclase-stimulatory GTP-binding protein (G.) complex. At low thrombin concentrations, activation of phospholipase C is greatly attenuated by increased cyclic AMP, leading to predominance of the Gi-mediated inhibition.
INTRODUCTION
Proteolytically active a-thrombin initiates proliferation in a variety of fibroblastic cells [1] [2] [3] [4] , but the mechanisms underlying this mitogenic effect are still poorly understood. One of the earliest events detected in thrombin-stimulated fibroblasts is the activation of a phosphoinositide-specific phospholipase C [5] [6] [7] [8] , an important signalling pathway leading to the production of the two second messengers inositol 1,4,5-trisphosphate [9, 10] and dicylglycerol [11] . Activation of phospholipase C involves a GTP-binding protein, as demonstrated by the GTP-dependence in membrane systems [12, 13] , the activation by A1F4-in intact cells [14] , and the sensitivity to pertussis toxin of both thrombin-and AlF4--induced activations in intact cells of the Chinesehamster lung fibroblast line CCL39 [14, 15] . As pertussistoxin treatment of CCL39 cells strongly inhibits thrombin-induced DNA synthesis and proliferation without affecting mitogenic effects of other growth factors that do not activate phospholipase C, it has been proposed that the phosphoinositide pathway is an essential signalling pathway for thrombin [16] .
Adenylate cyclase is another important membranebound system involved in signal transduction [17] . Since thrombin has been reported to inhibit agonist-stimulated adenylate cyclase in platelets [18] [19] [20] as well as in 3T3 fibroblasts [21] , we have examined in the present study the effects of thrombin on cyclic AMP formation in CCL39 cells, in order to understand better the interactions between the two signalling pathways and to gain further insight into mechanisms of action of growth factors. We report here that thrombin in fact exerts a dual effect on stimulated adenylate cyclase: an inhibitory effect mediated by a pertussis-toxin-sensitive G protein, and an opposite potentiating effect owing to activation of protein kinase C.
EXPERIMENTAL Cell culture
The Chinese-hamster lung fibroblast line CCL39 (American Type Culture Collection) was maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% (v/v) fetal-calf serum, antibiotics (50 units of penicillin/ml and 50 ,ug of streptomycin/ml) and 25 mM-NaHCO3 at 37 'C in air/CO2 (19: 1) . Confluent monolayers arrested in Go phase by a 30 h incubation in serum-free DMEM were used throughout this study.
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Abbreviations used: DMEM, Dulbecco's modified Eagle's medium; G1, inhibitory GTP-binding regulatory protein of adenylate cyclase; G,, stimulatory GTP-binding regulatory protein of adenylate cyclase; GP, stimulatory GTP-binding regulatory protein of phospholipase C; IBMX, 3-isobutyl-1-methylxanthine; PBt2, 4fl-phorbol 12,13-dibutyrate; PGE1, prostaglandin E1.
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RESULTS
Effects of thrombin on PGE1-and cholera-toxininduced-cyclic AMP production As shown in Fig. l(a) shows that thrombin likewise inhibited the accumulation of cyclic AMP promoted by cholera toxin. Treatment of CCL39 cells for 30 min with 100 ng of cholera toxin/ml resulted in an approx. 4-fold increase of cellular cyclic AMP over basal, and addition of IBMX caused a rapid and striking further increase, which was markedly inhibited by 0.1 nM-thrombin. Biphasic concentration-dependence of thrombin effects on cyclic AMP formation To analyse the concentration-dependence of thrombin effects on cyclic AMP formation, CCL39 cells were incubated for 5 min with increasing concentrations of a-thrombin, upon stimulation of adenylate cyclase with PGE1, cholera toxin or forskolin (Fig. 2 ). PGE1 and forskolin, which caused an immediate activation, were added together with thrombin, whereas cholera toxin, acting more slowly, was added 30 min before thrombin and IBMX. Thrombin effects were very similar in the three cases, indicating that these effects are not restricted to receptor-mediated activation of adenylate cyclase. The dose-dependence curves were clearly biphasic, with a maximal inhibition around 0.1 nM-thrombin and a progressive relief of the inhibition above this concentration. The highest concentration of thrombin tested (10 nM) did not cause any inhibition of cyclic AMP production, and even slightly potentiated the accumulation induced by cholera toxin and forskolin. The inhibitory effect of thrombin is mimicked by AIF4-and abolished by pertussis toxin
We previously reported that A1F4-causes a strong inhibition of PGEl-stimulated adenylate cyclase in intact CCL39 cells [14] , presumably by activating an inhibitory G-protein (G). A similar inhibition (by 50 %) was elicited by NaF and AICl3 in cholera-toxin-stimulated cells (Fig. 3a) . The effect of NaF in the presence of 10 /LMAlCl3 was dose-dependent, with a maximal inhibition of adenylate cyclase above 2 mm, a concentration range in which the major complex ion formed by A13+ and F-is expected to be A1F4423]. Interestingly, AIF4--induced inhibition was completely abolished in cells pretreated with pertussis toxin (Fig. 3a) . If the inhibition exerted by low thrombin concentrations on cyclic AMP production is due, as with AIF4-, to the dissociation of a G, protein, concentrations, in a striking potentiation of the choleratoxin-induced activation. Thus it clearly appears that, at concentrations above 0.1 nM, thrombin can enhance the cholera-toxin-induced activation of adenylate cyclase under conditions where G, dissociation is strongly inhibited. It is noteworthy that, in pertussis-toxin-treated cells, the activation of cyclase in response to cholera toxin, in the absence of thrombin, was usually slightly higher than in control cells (as in the experiment represented in Fig. 4 ). This suggests that in control cells G, exerts a basal tonic inhibition on the cyclase.
The stimulatory effect of thrombin is mimicked by phorbol esters and abolished by down-regulation of protein kinase C As thrombin is a potent activator of the phosphoinositide-specific phospholipase C in CCL39 cells [6] , and hence presumably activates protein kinase C, we examined the effects of the phorbol ester PBt2 on cyclic AMP production, to determine whether protein kinase C plays a role in the thrombin-induced modulations of adenylate cyclase activity. Fig. 5(a) shows that increasing concentrations of PBt2 caused a progressive increase in the cholera-toxin-stimulated cyclase activity. This effect can be attributed to protein kinase C, since the inactive phorbol ester xPBt2 had no effect even at ,tg/ml. Interestingly, activation of protein kinase C led to the complete suppression of AIF4--induced inhibition, independently of the order of addition of PBt2 and AlF4;.
Similar results were obtained when these effectors were added together (Fig. Sa) and when cells were pretreated for 30 min with PBt2 or for 5 min with AlF4-(results not shown). As shown in Fig. 5(b) , the protein kinase Cmediated potentiation of adenylate cyclase could be detected only after stimulation with cholera toxin, at all toxin concentrations. The basal cyclase activity was not significantly affected by PBt2, in the absence or presence of IBMX (Fig. 5b, inset) . Phorbol esters also potentiated the cyclic AMP accumulation after stimulation with forskolin, but in contrast slightly inhibited the PGE1-induced activation (results not shown). In many cell types it has been shown that protein kinase C activity can be greatly diminished by prolonged pretreatment with high concentrations of phorbol esters [24, 25] , owing to increased degradation of the kinase [20] . To determine whether the thrombin-induced potentiation of adenylate cyclase is indeed mediated by protein kinase C, we tested the effects of thrombin in cells pretreated for 30 h with 400 ng of PBt2/ml (Fig. 6 ). In these PBt2-pretreated cells the cholera toxin-stimulated adenylate cyclase, measured after thorough wash-out of PBt2, was no longer potentiated by phorbol esters. Moreover, the cyclase activity was slightly lower than in control cells (Fig. 6, inset) . These results suggest, firstly, that protein kinase C has indeed been strongly downregulated in PBt2-pretreated cells and, secondly, that there is a small constitutive kinase C-mediated enhancement of the stimulated cyclase activity in control cells.
When increasing concentrations of thrombin were added to protein kinase C-depleted cells, only the inhibitory effect of thrombin was observed on the cholera-toxinstimulated cyclase (Fig. 6 ). The maximal inhibition was about 50 %, as with AlF4; (Fig. 3) , and half-maximal inhibition was obtained at 0.02 nM-thrombin. The stimulatory effect of high thrombin concentrations was almost completely abolished by protein kinase C down-regulation, and both inhibitory and stimulatory effects were suppressed in kinase C-depleted cells pretreated with pertussis toxin (Fig. 6) [27, 28] and for S49 lymphoma cells [29] . If this were the case, phorbol esters should no longer be effective after pertussis-toxin inactivation of G,. Fig. 7 shows that in fact pertussis-toxin-treated cells maintain the ability to respond to PBt2 with enhanced cyclic AMP production. This indicates that protein kinase C must act by modifying a pertussis-toxin-insensitive component of the adenylate cyclase complex. Comparison of the efficiency of maximal concentrations of PBt2 and thrombin for potentiating cyclic AMP production in pertussis-toxintreated cells (Fig. 7) indicates that the stimulatory effects of thrombin on adenylate cyclase can be entirely accounted for by protein kinase C activation. Inhibitory effects of cyclic AMP on phosphoinositide breakdown
We have previously reported that increasing cyclic AMP in CCL39 cells results in a marked inhibition of thrombin-induced phosphoinositide hydrolysis [14] , and should therefore decrease the subsequent activation of protein kinase C. Since the above-mentioned data suggested a role of protein kinase C in the effects of high thrombin concentrations on adenylate cyclase, it was decided to examine how much the stimulation of phospholipase C is affected under the conditions used in this study. Inositol phosphate accumulation was measured in the presence of 20 mM-LiCl to inhibit the inositol-I-phosphatase [30] , upon stimulation with 0.01 nm-or 1 nM-thrombin. Fig. 8 shows that pretreatment of cells with 100 ng of cholera toxin/ml for 30 min resulted in only a small inhibition of phospholipase C activity at 1 nM-thrombin (by less than 15 %), but in a marked were washed extensively with DMEM before being stimulated for 30 min with 100 ng of cholera toxin/ml, in the absence (El) or presence (ED) of 100 ng of PBt2/ml.
Cyclic AMP accumulation was then measured as described above after a 3 min incubation with 1 mM-IBMX.
decrease (by 60 %) at 0.01 nM-thrombin. When IBMX was added together with thrombin, the inhibition of phospholipase C was more pronounced, reaching 30% at 1 nM-thrombin and up to 85 % at 0.01 nm. It can be therefore predicted that, in the presence of cholera toxin and IBMX, the conditions most frequently used in this study to measure cyclic AMP production, protein kinase C should be almost normally activated at high thrombin concentrations, but only very weakly activated at low concentrations. Accordingly, the inhibitory effects of thrombin on adenylate cyclase should be less obscured by the kinase C-mediated activation at low thrombin concentrations under these experimental conditions, which can be expected to emphasize the biphasic shape of the dose/response curve. (0) with 10 ng/ml of pertussis toxin (PT) for 5 h before stimulation for 30 min with 100 ng of cholera toxin/ml in the presence of increasing concentrations of PBt2. Cyclic AMP formation was measured after a further 5 min incubation with 1 mM-IBMX. The bar represents the cyclic AMP in pertussis-toxin-treated cells, after stimulation with cholera toxin and exposure to 10 nM-thrombin (THR) and 1 mM-IBMX for 5 min.
DISCUSSION
Addition of a-thrombin to the hamster fibroblast line CCL39 results in the stimulation of DNA synthesis and cell division [4] . Our previous studies have indicated that phosphoinositide hydrolysis plays a crucial role in the mitogenic signalling pathway of thrombin [15, 16] . The present results demonstrate that, in addition, thrombin exerts complex effects on the adenylate cyclase system. We report that a biphasic response to thrombin is observed for activation of adenylate cyclase by PGE1, cholera toxin or forskolin. (1) Low thrombin concentrations below 0.1 nm decrease the stimulated cyclase activity. A similar inhibition is induced by AlF4, which is known to activate GDP-bound G proteins [17] , presumably by mimicking the y-phosphate of GTP [31] . Thrombin-and AIF4--induced inhibitions are not additive, and both are abolished by pretreatment of cells with pertussis toxin. (2) At thrombin concentrations above 0.1 nM, adenylate cyclase inhibition is progressively suppressed. This is not due to an impaired inhibition, but rather to a compensating activation, since abolition of the inhibitory reaction by pertussis toxin results in a marked potentiation by thrombin of cholera-toxinstimulated cyclic AMP formation. A similar enhancement of adenylate cyclase activity can be induced by an active phorbol ester in both normal and pertussis-toxintreated cells, suggesting a role of protein kinase C. Accordingly, the stimulatory phase of the thrombin effect is suppressed after down-regulation of protein kinase C.
Altogether, these results lead us to conclude, as summarized in the model in Fig. 9, that Fig. 9 ), both G.40 and Ga4l should be able to fulfil the G, function by releasing their fly subunits. Indeed, the various G proteins appear to differ in their a subunit, but to share identical fly subunits [17, 34] , and it has been proposed that inhibition of adenylate cyclase is caused by the release of fly subunits, acting either by a mass-action effect on G. [17] or directly on adenylate cyclase [35] . Interestingly, the treatment with pertussis toxin appears to block completely the inhibition of adenylate cyclase by all thrombin concentrations (Fig. 6 ), whereas it does not block the protein kinase C-mediated stimulatory effects of high thrombin concentrations, in agreement with our previous observation that thrombin-induced stimulation of phosphoinositide hydrolysis is only partially inhibited by pertussis toxin [15] . This differential pertussis-toxin sensitivity of adenylate cyclase inhibition and phospholipase C activation rather supports the hypothesis that the two pathways involve two different G-proteins. Whatever the nature of the G protein(s) responsible for adenylate cyclase inhibition in CCL39 cells, it is Vol. 253 . This observation is not consistent with the commonly accepted idea that covalent modification of G proteins by pertussis toxin essentially inhibits their coupling with receptors [36] without affecting their direct activation by GTP analogues [35] or by fluoride [37] . Our data rather support the model proposed by Jakobs et al. [38] of an impaired dissociation of ADP-ribosylated G proteins.
Another as yet unresolved question is whether inhibition of adenylate cyclase and stimulation of phospholipase C by thrombin in CCL39 cells involve two different receptors or a single one. Previous studies of thrombin binding to CCL39 cells have revealed a major high-affinity binding site of Mr -150000, but the role of this receptor in mitogenicity has not been firmly established [39] . In another strain of hamster fibroblasts a single thrombin receptor has been proposed to mediate the effects on phospholipase C and on adenylate cyclase [7] , whereas two distinct receptors are thought to be involved in platelets [19] .
What may be the target of protein kinase C in the adenylate cyclase system of CCL39 cells? It is known that protein kinase C can either inhibit or potentiate the accumulation of cyclic AMP promoted by adenylate cyclase activators in various cell types (see ref. [11] for review). The potentiating effects have been related either to an impairment of G,-induced inhibition caused by phosphorylation of the a, subunit [27] [28] [29] or to an enhancement of the interaction of as with the catalytic unit of adenylate cyclase [40] . Our data in CCL39 cells are consistent with the latter interpretation. Indeed, activation of protein kinase C results in increased cyclic AMP accumulation in response to cholera toxin or forikolin, and this effect is not primarily related to G1, since it is not suppressed by pertussis-toxin treatment, in contrast with results obtained in Swiss 3T3 cells [41] . The enhancing effects of phorbol esters and pertussis toxin are in fact additive in CCL39 cells (Fig. 7) , in contrast with the findings by Bell & Brunton [29] on S49 lymphoma cells. Interestingly, however, activation of G, by A1F4-is completely overcome by high concentrations of phorbol esters, suggesting that the kinase C-mediated modification of the cyclase system makes it refractory to free fy subunits. The target of protein kinase C might be a. or the cyclase itself, which is consistent with the recent report that protein kinase C activation induces the phosphorylation both in vitro and in vivo of the catalytic subunit of adenylate cyclase [42] . In contrast with their enhancing effects on cholera toxin and forskolin, phorbol esters cause in CCL39 cells a small inhibition of PGEl-stimulated adenylate cyclase, which suggests a more complex regulation of receptormediated stimulations, presumably owing to additional kinase C-mediated modifications at the level of receptors.
A similar inhibition of PGE1-stimulated cyclic AMP accumulation has been observed in platelets [43] and in S49 lymphoma cells [44] .
Interactions between phospholipase C and adenylate cyclase systems are even more complex, since increased cyclic AMP inhibits the phospholipase C pathway in CCL39 cells. The mechanism of this inhibition is not yet known, but the inhibitory effects of cyclic AMP on AlF4--nue activation ofphospholipase C [14] indicate that a post-receptor target is involved, rather than thrombin receptors as in platelets [45] . Interestingly, the inhibitory effect of cyclic AMP on phospholipase C activation is more pronounced at low thrombin concentrations, which explains why the G,-mediated inhibition ofadenylate cyclase has been found to be dominant on the protein kinase C-mediated activation at low thrombin concentrations. The same is true for AIF4-, since this ion is a weak activator of phospholipase C [14] .
It should be emphasized that throughout this study we have stimulated adenylate cyclase to gain an insight into the effects ofthrombin on cellular cyclic AMP. Variations of basal cyclic AMP concentrations in thrombinstimulated cells are very small, but preliminary results obtained with a more sensitive method indicate that the present results can be roughly extrapolated to unstimulated cyclase. A small decrease in cellular cyclic AMP is indeed observed in CCL39 cells upon stimulation with thrombin, especially at low thrombin concentrations. As re-initiation of DNA synthesis in CCL39 cells is strongly inhibited by increased cyclic AMP, a decrease in cyclic AMP, even of small amplitude, may be of great importance for the mitogenic response. This hypothesis requires testing.
